Tribological properties such as coefficient of friction and wear rate of silicon nitride based composites with admixed carbon nanotubes and various kinds of graphene are measured by pinon-disc technique in dry sliding conditions. The wear tracks are observed by scanning electron microscopy and mechanisms of wear and damage are identified. It is shown that addition of carbon phases does not lower the coefficient of friction. Both carbon nanotubes and graphene seems to be intergrated into the matrix very strongly and they do not participate in lubricating processes. Their presence in higher volume fractions (over 5wt%) lowers the integrity of microstructure and leads to reduced wear rates. The best performance offer materials with 3wt% of graphene, which have the highest wear resistance due to enhanced fracture toughness.
Introduction
Silicon nitride is a very promising structural ceramic material that was developed in a search for high strength and high toughness ceramics that could replace metals in advanced turbine and reciprocating engines to give higher operating temperatures and efficiencies. There have been explored many ways how to improve the fracture toughness and lower the brittleness of these materials. Recently, in other types of ceramic matrices some success was achieved by adding carbon nanotubes (CNT) and grapheme [1] [2] [3] [4] [5] [6] [7] [8] . To date not so many studies of silicon nitride based materials exist, particularly about their friction and wear properties. Jones et al. [9] tested silicon nitride with carbon additives in several modes, lubricated and in dry sliding, also under water conditions, under severe loading. They found that particularly in non-self-mated wear (against steel) small amount of carbon fibers reduced the coefficient of friction (COF) by over 75 %. Gonzalez-Julian [10] reported for silicon nitride with multi-walled CNTs (amounts up to 8.6 vol%) against Si 3 N 4 balls under lubrication in isooctane reduction of COF and wear by 40% and 80% respectively. Hvizdoš et al. [11] compared several ceramic matrix composites reinforced with CNTs and found that in silicon nitride higher amounts of CNTs are necessary to reduce COF. Even less work has been done for silicon nitride with graphene fillers. Pfeifer et al. [12] performed some introductory experiments with some results for an experimental multilayer graphene. Kvetková et al [13] showed toughening effect of various types of graphene materials introduced into silicon nitride matrix. Balázsi [14] studied various CNT and multilayer graphene containing silicon nitride composites. That work reports some incoclusive results for wear Si 3 N 4 +CNT, but does not study wear of Si 3 N 4 +graphene.
The aim of the present contribution is to investigate the influence of the addition of various kinds of graphene and carbon nanotubes on tribological behaviour and wear damage mechanisms of Si 3 N 4 based composites.
Experimental materials and methods
Several different types of materials were prepared. The basis was the reference material made of Si 3 N 4 (Ube, SN-ESP) with 6% Y 2 O 3 (H.C. Starck, grade C) and 4% Al 2 O 3 (Alcoa, A16) as sintering additives. The material containing only this composition was used as a reference and it is henceforth denoted as SN. To this matrix various kinds of graphene were admixed: (1) an experimental multilayer graphene (MLG) prepared by the mechanical milling method in MFA, Budapest; two grades of exfoliated graphene nanoplatelets: (2) xGnP-M-5 -particle size 5µm, (3) xGnP-M-25 -particle size 25 µm (both by xG Sciences); and (4) nanographene platelets (Angstron N006-010-P). CNT reinforced composites were prepared in a very similar way, using the same matrix constituents with batches of multi-walled carbon nanotubes added. Powder mixtures were milled together with the carbon additives and compacted at 1700ºC by a two-step sinter-HIP method at 20 MPa, with 3 hour holding time. The final compositions contained 1wt% and 3 wt% of each carbon additive. Besides, composites with 5 and 10 wt.% of multiwall CNTs were also prepared. Wear behaviour of the experimental materials was studied in dry sliding in air at the room temperature by means of tribometer THT (CSM Instruments, Switzerland) using the pin-on-disk technique, against a highly polished (roughness Ra < 0.25 µm) Si 3 N 4 ball with 6 mm diameter. The applied load was 5 N, the sliding speed 10 cm/s and the sliding distance was 300 m. The tangential forces during the test were measured and friction coefficients calculated. The worn surfaces were subsequently observed and the wear regimes, damage type and micromechanisms were identified. The material losses (volume of the wear tracks) due to wear were measured by a high precision confocal microscope PLu neox 3D Optical Profiler, by SENSOFAR, and then specific wear rates were calculated by the Eq. 1 according to the standard ISO 20808 [15] :
where: W [mm 3 /mN] -specific wear rates
At the same time, the worn cap on the counter body was measured by a light microscope, its volume and then its wear rate calculated, too. The microstructure and the wear tracks created at the surfaces of the investigated materials were observed using scanning electron microscopy (JEOL JSM 7000).
Results and discussion
The tests showed that the friction behaviour of all materials under the testing conditions was very stable. In all cases the friction force stabilized over a short run-up phase which was shorter than 1 m. Then the friction remained more or less stable (depending on material) but in no case it exhibited any significant change that would suggest some important change in character of wear damage mechanisms over the 300 m sliding distance. Figure 1 shows the comparison of COF for all experimental materials. It can be seen that in all cases the COF remained basically the same, within the scatter, for lower amounts of carbon additives (1 and 3 wt%) . If anything, it had a tendency to increase, particularly in the materials with CNTs. Only when the amount of CNTs reached 5 wt% and 10 wt%, COF decreased by about 20% and 40%, respectively, in comparison with the reference SN. Wear resistance results are summarized in Fig.2 which shows the specific wear rate values for all materials as a function of carbon content. One can see that the wear resistance is strongly decreasing in materials with CNTs with increasing of their amount. Only at 5wt% some improvement is present, most probably due to lower COF and less intense friction. Graphene containing composites are generally more wear resistant than Si 3 N 4 +CNT materials. In materials with 1wt% of graphene the results are very similar to those of the reference SN. They differ within experimental error. However, in materials with 3wt% of grahene significant differences exist which shows that various graphene types behave differently. The lowest wear resistance had materials with MLG platelets with the wear rate close to that of SN-3CNT. Other three graphene containing ceramics showed significant improvement of wear resistance which meant that wear rates were about 75% lower than that for the reference SN.
Fig.1 Friction coefficient
SEM observations of the wear tracks revealed the wear damage micromechanisms that took place in the contact zone. Figure 3 shows the wear track in the reference material which was very small and it had a smooth look. The materials with 1 wt% of carbon phases seem to contain more plastic deformation in the wear tracks (Fig. 4) . In other sites, however, details do not differ very much and are still similar to the character of the original polished surface but with more porosity (Fig. 5) . Materials with 3 wt% of graphene contain many pores within which we can observe graphene platelets. Yet, even inside the wear tracks these platelets usually remain in their sites (Fig. 6 ) and even if they are dislodged from the matrix, no graphite-like transfer film is observed (Fig. 7) . Si 3 N 4 with 10 wt % of CNTs shows much different behaviour in the wear track. Here, the wear tracks have much larger volume and their interior is completely covered with small, equiaxed grains with size of only few hundred nanometers (Fig.8) , very different from the original microstructure, which is formed mostly by elongated β-Si 3 N 4 grains with size over 1 µm (Fig.9) . 
Conclusions
The results showed that carbon additives did not participate in lubricating process in the contact zone. Up to 1wt% of carbon phases no change in wear damage was identified, in materials with 3wt% of those the major wear mechanism was surface plastic deformation and abrasion. At least 5% of CNTs were necessary to reduce the coefficient of friction but even then it was due to due to breakage of larger Si 3 N 4 grains. Smaller equiaxed grains, created in this way, rolled between the moving surfaces. No significant graphite transfer film was observed. However, some graphene additives did achieve important reduction of the wear rate thanks to improved fracture toughness of the composites. The wear rate for materials with 3wt% of graphenes (made by xG and Angstron) was about 75% lower than that for the monolithic Si 3 N 4 .
